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Abstract.  The amino acid sequence deduced from 
eDNA of the human placental fibronectin receptor is 
reported.  The receptor is composed of two subunits: 
an 0t subunit of 1,008 amino acids which is processed 
into two polypeptides disulfide bonded to one another, 
and a  13 subunit of 778 amino acids.  Each subunit has 
near its COOH terminus  a hydrophobic segment.  This 
and other sequence features suggest a  structure for the 
receptor in which the hydrophobic segments serve as 
transmembrane  domains anchoring each subunit to the 
membrane and dividing each into a large ectodomain 
and a  short cytoplasmic domain.  The r  subunit ec- 
todomain has five sequence elements homologous to 
consensus Ca2§  sites of several calcium- 
binding proteins,  and the 13 subunit contains a  fourfold 
repeat strikingly rich in cysteine. The r  subtmit se- 
quence is 46%  homologous to the a  subunit of the 
vitronectin receptor.  The 13 subunit is 44% homolo- 
gous to the human platelet adhesion receptor subunit 
IIIa and 47% homologous to a leukocyte adhesion 
receptor 13 subunit.  The high degree of homology 
(85%) of the 13 subunit with one of the polypeptides of 
a chicken adhesion receptor complex referred to as 
integrin complex strongly suggests that the latter poly- 
peptide is the chicken homologue of the fibronectin 
receptor 13 subunit.  These receptor subunit homologies 
define a superfamily of adhesion receptors.  The avail- 
ability of the entire protein sequence for the fibronec- 
tin receptor will facilitate studies on the functions of 
these receptors. 
T 
HE cell surface receptors that bind to the adhesive gly- 
coproteins  fibronectin,  vitronectin,  fibrinogen,  and 
von Willebrand  factor have been shown to be structur- 
ally and functionally  related  (Pytela et al.,  1986). Further- 
more, they have been shown to be members of a superfamily 
of receptors that include the leukocyte glycoproteins  (LFA-1, 
Mac-l, and p150,95 (Springer et al., 1986) and another group 
of cell surface proteins referred to as VLA antigens (Hemler 
et al., 1987). Homologous forms of  these receptors have been 
defined in various species by using antibodies that interfere 
with cell adhesion (Knudsen et al., 1981; Greve and Gottlieb, 
1982; Horwitz et al., 1984; Brown and Juliano,  1985; Gian- 
cotti et al., 1985). A family of cell surface glycoproteins that 
appear to be related to the vertebrate receptors has also been 
found in Drosophila (Wilcox and Leptin,  1985) and sea ur- 
chin (Noll et al., 1985). It seems, then, that this superfamily 
of receptors is diversely represented in cells of vertebrate and 
invertebrate  organisms.  The receptors for fibronectin,  vitro- 
nectin, fibrinogen, and von Willebrand factor all bind to Arg- 
Gly-Asp  (RGD)  sequences (Pierschbacher  and  Ruoslahti, 
1984; Plow et al.,  1985; Pytela et al.,  1985a, b,  1986; Hor- 
witz et al., 1985; Akiyama and Yamada, 1985; Hynes, 1987) 
within their respective ligands.  It is not yet known whether 
RGD binding is a common functional trait among all mem- 
bers of the receptor superfamily. 
A  general  structure  characteristic  of members  of this 
receptor superfamily  is that they are heteromeric complexes 
having noncovalently associated tz and 13 subunits. Details of 
the structure of the receptors have come from recombinant 
DNA cloning work. The 13 subunit of the chicken fibronec- 
tin-laminin  receptor complex (Tamkun et al.,  1986), the 13 
subunit  of  the  human  LFA-1 cell  surface  glycoprotein 
(Kishimoto et al., 1987; Law et al., 1987), and the glycopro- 
tein ma of the platelet  l/b/IIIa complex (Fitzgerald  et al., 
1987) have recently been cloned and sequenced. Comparison 
of primary sequences of these 13 subunits indicates that they 
are related,  having a high overall homology,  and that they 
share common structural  features such as short cytoplasmic 
domains,  putative  transmembrane  segments,  and  homolo- 
gous  cysteine-rich  domains.  Results  from  our  laboratory 
concerning the a subunits of the human fibronectin receptor 
and vitronectin  receptor have revealed that the partial amino 
acid sequences deduced from cDNAs for the two subunits 
are homologous and have common structural  elements such 
as potential membrane-spanning  regions and short cytoplas- 
mic domains  (Argraves et al.,  1986; Suzuki  et al.,  1986). 
We have continued  our efforts to determine the structure 
of the fibronectin  receptor expecting  that it will lead to an 
understanding  of the function of this and other related recep- 
tors.  Here we report the complete amino acid sequences, 
deduced from cDNA, of both the a and 13 subunits of the hu- 
man fibronectin  receptor. 
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cDNA Libraries and Screening 
A  placental  cDNA  ~,gtll  library  (Millan,  1986) was  immunologically 
screened according to the procedure of Young and Davis (1983).  A rabbit 
antiserum prepared against purified human placental fibronectin receptor 
(Pytela et al., 1986) served as a source of antibodies for the screening. The 
antibodies were purified from this antiserum by affinity chromatography on 
a column of fibronectin receptor coupled to Sepharose (Pytela et al., 1987). 
These antibodies immunoblot both subunits of the receptor (Argraves et al., 
1986) and immunoprecipitate both of the receptor subunits from cells sur- 
face labeled with 12~I (Dedhar et al.,  1987). Clones that expressed insert- 
encoded protein reactive with these antibodies were isolated and purified 
to  homogeneity through successive screenings. To  identify whether the 
selected clones corresponded to the r  or I~ subunit of the fibronectin recep- 
tor, their insert-encoded proteins were used to affinity select antibodies from 
antifibronectin receptor serum, as previously described (Argraves et al., 
1986). Additional screenings were done with radiolabeled DNA fragments 
from the 5' portions of the previously isolated cDNA inserts as probes. 
DNA  fragments were  32p  labeled  by  random  oligonucleotide priming 
(Feinberg and Vogelstein, 1984) and used to screen either the placental Lgtll 
cDNA library or a primer extension cDNA library by methods described 
elsewhere (Maniatis et al.,  1982). 
The primer extension cDNA library was made based on the procedure 
of Krawinkel and Zoebelein (1986).  Placental poly (A) RNA was specif- 
ically primed with an oligonucleotide sequence which was derived from the 
5' region of the fibronectin receptor r  subunit cDNA ~,P7 (Argraves et al., 
1986). First strand cDNA was made from 15 I~g of placental poly (A) RNA 
primed with 0.6 p.g of a 28-bp oligonucleotide (5' TGAATTCGAACCCTC- 
GGGATCCAACTCC  3'). The first strand cDNA was G-tailed and the sec- 
ond strand synthesis primed with the oligonucleotide TGAATTCGGATCI3. 
After Eco RI digestion, the double-stranded cDNA was size fractionated on 
Sephacryl S-1000 (Pharmacia Fine Chemicals, Piscataway, NJ) and cDNAs 
greater than 500 bp were selected and ligated to Eco RI cut Lgtll  DNA 
(Promega Biotec, Madison, WI). Phage DNA was packaged using Gigapack 
(Vector Cloning Systems, San Diego, CA). Greater than 90% of the result- 
ing phage were recombinants. 
DNA Sequencing 
cDNA inserts from selected ~,gtll clones were subcloned into the phage vec- 
tor MI3 mpl9. The cDNA inserts were sequenced by the dideoxy chain ter- 
mination method (Sanger et al.,  1977) by using deoxyadenosine 5'-r 
thiotriphosphate and oligonucleotide primers that were synthesized on the 
basis of preceding sequences. All sequences reported here are the result of 
sequencing both strands of the cDNA inserts. 
RNA Hybridization  Analysis 
RNA was extracted from term human placenta by a guanidinium hydrochlo- 
ride procedure (Adams et al.,  1977) and was subjected to electrophoresis 
on 0.8% agarose, 2.2 M formaldehyde, 0.02 M sodium acetate gels (Lehrach 
et al.,  1977). Blot transfer to nitrocellulose filters and hybridization with 
probes were done according to Thomas (1980). Filters were washed at high 
stringency in 0.2x SSC (lx  SSC is 0.15 M NaCI, 0.015 M sodium citrate), 
0.1% SDS at 68~ 
Results 
Isolation of  cDNA Clones and Definition of 
Receptor Subunit raRNAs 
Screening of '~5  x  105 Lgtll phage plaques from a placen- 
tal  cDNA  library with  afffinity-purified  antifibronectin re- 
ceptor antibodies identified several clones producing a fu- 
sion  protein recognized by the  antibodies.  As  previously 
reported, a partial amino acid sequence of the fibronectin 
receptor a  subunit  was  deduced  from the  nucleotide  se- 
quences of two of these clones, LP7 and LP34 (Argraves et 
al.,  1986). 
The insert-encoded protein from a third clone, LP32, ab- 
sorbed antibodies that reacted specifically with the I~ subunit 
of the fibronectin receptor (Fig. 1). LP32 was found to con- 
tain a 2.5-kb cDNA insert that did not cross hybridize with 
~,P7 or ~,P34. Nucleotide sequence analysis of the 2,485-bp 
insert of LP32 showed that it had a single open reading frame 
of 1368 bp followed by a 3' untranslated region of 1117 bp that 
lacked a poly (A) tail. This sequence, presumably represent- 
ing the I~ subunit, was not homologous to the ~t subunit se- 
quence. The cDNAs for both the ~t and 13 subunits of the 
fibronectin receptor were used as probes for genomic DNA 
Southern hybridization analysis  (Southern,  1975) and  the 
resulting hybridization patterns indicated that both subunits 
are encoded by distinct, single copy genes (data not shown). 
RNA hybridization analysis showed that the LP32 13 subunit 
cDNA insert hybridized to an ~4.2-kb placental transcript, 
while the a  subunit mRNA is ~4.9 kb in size (Fig. 2). 
To  isolate  cDNAs  that  would  correspond to  additional 
protein-encoding sequence in the mRNAs of the fibronectin 
receptor ct and 13 subunits, the placental cDNA library was 
rescreened with DNA fragments from the 5' portions of LP7 
and LP32. In both cases, sets of overlapping cDNA clones 
were isolated and sequenced. After an additional round of 
screening using 5' fragments from the new clones as probes, 
overlapping cDNA clones encoding the complete 13 subunit 
were obtained.  However, cDNAs encoding the amino-ter- 
minal region of the a  subunit were still lacking.  A primer 
extension cDNA library was prepared from placental poly 
(A) RNA primed with an oligonucleotide the sequence of 
which was derived from the 5' portion of LP7. The cDNA 
library that was obtained was screened with a cDNA frag- 
ment from the 5' region of a previously selected ct subunit 
cDNA that extended the farthest toward the 5' direction. As 
a  result,  several  clones  were  isolated that  completed the 
amino acid sequence of the a  subunit polypeptide. 
The a Subunit Sequence 
The sequence of the cDNA encoding the human fibronectin 
receptor et subunit and the deduced amino acid sequence of 
the ct subunit polypeptide is shown in Fig.  3.  The cDNA 
sequence was derived from eight overlapping cDNA clones. 
The sequence deduced from these cDNAs contains the amino- 
terminal sequence obtained from protein sequence analysis 
of VLA-5a (Takada et al.,  1987a). VLA-50t has been shown 
to be crossreactive with our antifibronectin receptor serum 
and is presumed to be the same as the fibronectin receptor 
subunit (Takada et al., 1987b). In our sequence the amino 
terminus of the mature tt subunit corresponds to that ob- 
tained from VLA-5a. Preceding the amino terminus of the 
mature polypeptide is a possible signal sequence initiated by 
a  methionine.  The mature tt subunit is  1,008 amino acids 
long and has a predicted molecular mass of 110,024 daltons. 
The sequence contains 14 potential N-glycosylation sequences 
(Asn-Xaa-Ser/Thr).  If one assumes  an  average molecular 
mass of 2,500 daltons per N-linked carbohydrate-side chain, 
the addition of 14 such moieties to the core protein would re- 
sult in an estimated molecular mass of 145,024 daltons. This 
value differs somewhat from that estimated from the relative 
mobility of the a  subunit on SDS-polyacrylamide gels of 
160,000 daltons (Pytela et al.,  1986). 
A hydropathy analysis of the amino acid sequence deduced 
for the ct subunit revealed a hydrophobic region 29 residues 
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sorption  on  insert-encoded  proteins.  Purified  human  placental 
fibronectin receptor  (nonreduced)  was  immunologically stained 
with antifibronectin receptor serum  (lane 1);  antibodies affinity 
selected on cDNA-encoded protein  of a  fibronectin receptor  a 
subunit clone LP7 (lane 2), and clone LP32 (lane 3). Antibody 
reactive bands were  visualized with horseradish  peroxidase-la- 
beled goat anti-rabbit  IgG and 3,3'-diaminobenzidine tetrahydro- 
chloride. 
Figure 2.  RNA hybridization anal- 
ysis.  Human placental total RNA 
was  electrophoretieally  separated 
on  0.8%  agarose-formaldehyde 
gels,  transferred  to nitrocellulose 
filters, and probed with a fibronec- 
tin receptor a subunit eDNA (LP7, 
1.7 kb) (lane 1) and a fibronectin 
receptor  13 subunit eDNA  (kP32, 
2.5  kb)  (lane 2).  The amount of 
RNA applied per lane was 10 ~tg. 
in length located near the carboxy terminus. This hydropho- 
bic stretch fits criteria of a transmembrane domain (Argraves 
et  al.,  1986).  It appears,  therefore,  that  the  a  subunit  is 
oriented in the membrane with its amino terminus outside 
the cell. As a result, the bulk of the polypeptide (94%) is ex- 
tracellular while on the carboxy-terminal side of the putative 
transmembrane domain is  a  28-amino acid-long segment 
that is likely to constitute the cytoplasmic domain. 
Further analysis of the primary sequence of the a  subunit 
revealed the presence of five sequences homologous with 
calcium-binding sequences of a number of calcium-binding 
proteins  including  calmodulin,  troponin  C,  parvalbumin 
(Szebenyi et al., 1981), thrombospondin (Lawler and Hynes, 
1986), and the myosin light chain (Reinach et al., 1986) (Fig. 
4). These five potential divalent cation-binding sites of the 
a  subunit are located in the extracellular domain between 
amino acids 239 and 432, a region conspicuously devoid of 
cysteine residues. A secondary structure analysis (Gamier et 
al.,  1978) of this region reveals that each potential binding 
site is likely to be surrounded by 13 structure rather than by 
a  helical segments as is the case with other calcium-binding 
proteins (Szebenyi et al.,  1981). The presence of calcium- 
binding sites in the a  subunit is consistent with observations 
that divalent cations are required for the function and in- 
tegrity of the human fibronectin-receptor as well as that of 
the related receptor, IIb/IIIa (Oppenheimer-Marks and Grin- 
nell, 1984; Jennings and Phillips, 1982). The fact that bound 
fibronectin receptor, vitronectin receptor, and gp llb/IIIa can 
all be eluted from ligand-Sepharose affinity columns using 
EDTA also indicates that divalent cations, e.g., calcium, are 
generally required for function of these adhesion receptors 
(Pytela et al.,  1987). 
A previously published comparison of partial amino acid 
sequences of the a  subunits of the human fibronectin recep- 
tor and the human vitronectin receptor showed that the two 
were strongly homologous (Suzuki et al.,  1986).  Using the 
now completed amino acid sequences for the a  subunits of 
the fibronectin receptor and the vitronectin receptor (Suzuki 
et al., 1987), a comparative analysis revealed an overall 46% 
amino acid identity. Conserved between both subunits are 
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MGSRTPESPLHAVQLRWGPRRRPPLVPLLLLL  32 
f~ ~.PE7  r~' ~.e4 
C~=CCGGGAACAGAC  239 
V  P  P  P  P  R  V  G  G~F  N  L  D  A  E  A  P  A  v  L  8  G  P  P  G  8  F  F  G  F  8  V  E  F  Y  R  P  G  T  D  72 
~~~TA  "  CX~CCCCCATTC,~  359 
G  V  8  V  L  V  G  A  P  K  A  eN  T  8  Q  P  G  V  L  Q  G  G  A  V  Y  L  ~  P  W  G  A  $  P  T  Q  C~  T  P  I  E  112 
TTCGAGCCCATGGCTCCTCC  479 
F  D  8  K  G  S  R  L  L  E  S  S  L  S  8  g  E  G  E  E  P  V  E  Y  K  8  L  Q  W  F  G  A  T  V  R  A  H  G  S  S  152 
APE1, APF~, APE'/~  ~o10  CCC'~.~  599 
I  L  A  ~  A  P  L  Y  S  W  R  T  E  K  E  P  L  8  D  P  V  G  T  ~  u  L  8  T  neN  F  T  R  I  L  E  u  A  P  ~  192 
CGCTCAGA  ￿9  __  CAGGGTTA  CCJtAGACTGGCC~x~r~w-,-x-x-AGGTGGAeCAGGAAGCTA~~G  719 
R  S  n  P  s  w  A  A  G  Q  G  Y  ~  Q  G  G  F  a  A  E  P  T  K  T  G  R  V  Y  L  G  G  P  G  S  u  F  W  Q  G  Q  232 
ATCCTGTCTGCCACTr  a--.GGAGCAGATT~TCTTATTACCCCGAGTACCTGATCAA  CATCTATGATGACAGCTAC  CTA  839 
I  L  S  A  T  Q  E  Q  I  A  E  8  u  Y  P  E  Y  L  I  N  L  V  Q  G  Q  L  Q  T  R  Q  A  $  S  I  Y  D  D  S  Y  L  272 
GGATA  CAGACATTCGA  959 
G  u  S  V  A  V  G  E  F  8  G  D  n  T  ~  D  F  V  A  G  V  P  lq  G  N  L  T  u  G  u  V  T  I  L  N  G  S  D  T  R  312 
TCCCTCTACAA  TGGCCTCCTA~-z-A-L~.~TA  -  CJt~ACG'I'~%ATGGQGA(~;GGC'EGGATGA  CCCCTGt'IT~TGGAT  1079 
S  L  Y  e~  F  8  G  E  Q  M  A  S  u  F  G  Y  A  V  A  A  T  D  V  N  G  n  G  L  D  n  L  L  V  G  A  P  L  L  M  D  352 
CGGACCCCTGA  AO~TeTACCTGCAGCA~TAGAGCCCACGCCCACCCTTACCCTCACTGGCCATGATGAGTTTGGCCGATTT  1199 
R  T  P  D  G  R  P_~  E  V  G  R  V  Y  V  Y  L  Q  H  P  A  G  I  E  P  T  P  T  L  T  L  T  G  H  D  E  F  G  R  F  392 
CCCCCCTC,  C,  Gr,  C,  ACCTGC,  A~TGGCTACAATaaTGTCk~.A  AGT~TTT~ATTTC~CCCA  1319 
G  8  S  L  T  P  L  G  D  L  D  ~_..D__G  ~_N_D_  V  A  I  G  A  P  F  G  G  E  T  Q  Q  G  V  V  F  V  F  P  G  G  P  432 
~P6  CTGGATGGCAATGGATATCCT  1439 
G  G  L  G  8  K  P  S  Q  V  L  Q  P  L  g  A  A  8  H  T  P  D  F  F  G  S  A  L  R  G  G  R  D  L  D  G  N  G  Y  P  472 
GA~  - - ~--'-'~  x'r~  .~  ￿9 X-A~  ;T~/'G  C~k~ATA  .....  --  ~TGTTCAAC~GAGC~%~GC  1559 
D  L  I  V  G  S  F  G  V  D  X  A  V  Y  Y  R  G  R  P  I  V  S  &  B  A  8  L  T  I  F  P  A  N  F  N  P  E  E  R  S  512 
ACGGCGGGCA  -  ~~'TCATCCAGAAT ~~GAGATGAAGATCT&C  CTCAGG  1799 
Q  K  G  G  V  R  R  A  L  F  L  A  S  R  Q  A  T  L  T  Q  T  L  L  I  Q  N  G  A  R  E  D  C~  R  E  N  K  I  Y  L  R  592 
AP10 4~  CAGAGCAAG  1919 
N  E  S  E  F  R  D  K  L  S  P  I  H  I  A  L  N  F  S  L  D  P  Q  A  P  V  D  S  H  G  L  R  P  A  L  H  Y  Q  S  K  632 
AGCCGGATAGAGGA~TCTTGCTGGA~GAAGACJtACA~  --  TTTGGGGAGCAGAACCATGTGTACCTGGGTGACAAGAAT  2039 
S  R  I  E  D  K  A  Q  I  L  L  D  C~  G  E  D  N  I  C~  V  P  D  L  Q  L  E  V  F  G  E  Q  N  H  V  Y  L  G  D  K  N  672 
C~C  CTGAA~-A-A-A~A~C~~T~.C~A  ￿9  TCAC~GTACTCAGGACTCGTCAGACACCCAGGGAAC  2159 
A  L  N  L  T  F  H  A  Q  N  V  G  E  G  G  A  Y  E  A  E  L  R  V  T  A  P  P  E  A  E  Y  S  G  L  V  R  H  P  G  N  712 
~(~c~,.-,-~-~c~,~ccxcac,  ccc,  ec.~ce~m;Icac~c.ccc~.,.~~c~  ~~c~cc~  2279 
D  Y  F  A  V  N  Q  S  R  L  L  V  C(~ D  L  G  N  P  N  X  A  G  A  S  L  W  G  G  L  R  F  T  V  P  752 
cATcTcc~`~AcAcT~A~AccA~cTTccAG~Tc~TcTcAA~t*A~~~A~A-i.cC~scTc~GGcTCA~  2399 
HLRDTKKTI  QFDFQI  LSKNLNNSQS  DVVS  FRLSVEAQAQV  792 
￿9  ~  kP7 
accc~aacc~T~-TCCaaC,  CCT~aC~caG~r,C~aTmCCCa~Taac,  ccaca;c,  ca~cc~c~~~c~~~c  ~~  c  2519 
TLNGVS  KPEAVLFPVSDWHPRDQPQKEEDLGPAVHHVYEL  832 
ATCAA~cAAGGc~AGcTcCATTAGCcAGGGTGTGcTGGAAcTCAG~TG~c~AGGCTCT~GGTcAG~AG~ATATG~A~GAG~A~~C~C~T  2639 
I  N  Q  G  P  S  S  I  S  Q  G  V  L  E  L  S  C~  P  Q  A  L  E  G  Q  Q  L  L  Y  V  T  R  V  T  G  L  N  C~  T  T  N  872 
X~ 
CAC~CcATTAACcCAAAGGGC~TGGAGTTGGATCCCGAA~ccA~cAGcAAAAA(h3GGAAG~TCcAAGc~GCA~~Ac~GAT~~  2759 
H  P  I  N  P  K  G  L  E  L  D  P  E  G  S  L  H  H  Q  Q  K  R~E  A  P  S  R  S  S  A  S  S  G  P  Q  I  L  K  C~J  P  912 
GAGG~~GGCTGCG~TG~GAG~TcGGGCCCCTGCACCAAcAAGAGAGccAAAGTCTGcAGTTG~C~GT~C~GA~GC~G~G~  2879 
E  A  E  ~  F  R  L  R  C~  E  L  G  P  L  H  Q  Q  E  S  Q  S  L  Q  L  H  F  R  V  W  A  K  T  F  L  O  R  E  H  Q  P  952 
TTTAGccTGcA~T6F~~TAcAAAG~CCTC~AAGATGcc~TAccGAAT~cTG~cT~GG~AG~TG~CC~A~GAGcGTcA~C~G~~C~  2999 
F  S  L  Q  ~  E  A  V  Y  K  A  L  K  M  P  Y  R  I  L  P  R  Q  L  P  Q  K  E  R  Q  V  A  T  A  V  Q  W  T  K  A  E  992 
GGCAGCTATGGCGTCC  CACTGTGGATCATCATCCTAGCCATCCTG  CCTAGGTC~ACTCATCTACATCCTCTACAAGCTTGGATTCTTCAAACGCTCCCTCCCATAT  3119 
G  S  u  G  V  P  L  If  I,,,,,,,,,  I  X  L  A  I  L  F  G  L  L  L  L ,i,,,G ,,,L  L  I  Y  I  L  u  K  L  G  F  F  K  R  S  L  P  u  1032 
GGCACCGCC~T~.~kqAAAAGCTC~  _  CCTCTGATGCCTGAGTCCTCCCAATTE  CAGACTCCCATTCCTGAAGAA  CCAGTCCCCCCA~A~  3239 
G  T  A  M  E  K  A  Q  L  ~  P  P  A  T  S  D  A  1049 
AGGGGTCTGGGTAC'TI~  ￿9  -  TAC./~CAGGGGGGT  ~  TCCCTCCCCCCCA  3359 
TGCA~ACACATACCCTCTTCATGGATGGGGGAACTC&GATCCAGGGA  -  CC~-A'A'A~'A'~'A"A's~TTT  cceJL~c~cT  3479 
GGAAAGATAACTAGGAAATeCA  TGCCA~  ￿9  3599 
CCCAGTAAGAA  AAGA  -~.A  ~  R&CTATC,  CA  ~  CAGCTCAGGACAGATG  3719 
3839 
CATGATGG  3959 
C2~C~_  C2~GACA  ~  -  ￿9  -  .C~I~TGC~  4079 
CCCCTCATC~CCAACCC~CCTTGG~ACCAGACACCCAGGACTTATTTAAACTCTGTTC.CAA~T~~G~~~AG~  4199 
4204 
XP6.  XP7 
Figure 3.  The eDNA sequence and deduced amino acid sequence of the human fibronectin receptor ~t subunit. Single letter amino acid 
symbols are used. An arrow pointing upward denotes the beginning of the mature ~t subunit polypeptide. Cysteine residues are circled. 
Potential N-linked glycosylation sites are designated by dots. The putative transmembrane domain is underlined. Potential divalent cat- 
ion-binding sites are indicated by dashed lines. A cleavage site that may generate the light chain (Argraves et al.,  1986) is indicated by 
an arrowhead.  Right angle arrows denote positions of independent ~,gtll  eDNA clones. 
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plasmic  domains,  as well as the relative positions of the 
potential divalent cation-binding sites and cysteine residues. 
The 13 Subunit Sequence 
The complete eDNA sequence and deduced amino acid se- 
quence of the fibronectin receptor 13 subunit is shown in Fig. 
5. The 3,614-bp eDNA sequence contains a single open read- 
ing frame of 2,394 bp encoding a polypeptide of 798 amino 
acids followed by a 1,113-bp untranslated 3' flanking region. 
The first 20 amino acids are predominantly hydrophobic, and 
correspond to a typical signal sequence (Watson, 1984). We 
have assigned the signal peptide cleavage site to a position 
that fits criteria described by yon Heijne 0984) for eukary- 
otic signal-cleavage sites. The position of this signal cleavage 
site is analogous to those of two related 13 subunits, integrin 
complex band 3 (Tamkun et al., 1986) and LFA-1 (Kishimoto 
et al.,  1987). Excluding the presumed signal sequence, the 
[I subunit consists of 778 amino acids and has a predicted 
molecular mass of 86,248 daltons. The sequence contains 12 
potential N-glycosylation sites. Addition of the N-linked car- 
bohydrate chains (mol wt,  12) would result in an estimated 
molecular mass of 116,248 daltons for the mature 13 subunit. 
As with the r  chain, this value is lower than that estimated 
from the relative mobility of the reduced 13 subunit on SDS- 
polyacrylamide gels of 140,000 daitons (Pytela et al., 1985a, 
1986). Located in the carboxy-terminal portion of the poly- 
peptide is a stretch of 23 hydrophobic amino acids that are 
likely  to  constitute  a  transmembrane  domain.  All  of the 
potential  N-glycosylation  sites  are  located  on  the  amino- 
terminal side of this putative transmembrane domain. On the 
carboxy-terminal side of the hydrophobic segment are a pair 
of basic amino acid residues,  which are typically found on 
the cytoplasmic side of transmembrane domains of integral 
membrane proteins  (Sabatini et al.,  1982).  These features 
suggest that, like the u  subunit, the 13 subunit is oriented in 
the membrane with its amino terminus outside of the cell. 
Thus, the bulk of the 13 subunit polypeptide (93 %) would be 
extracellular. 
After the putative transmembrane domain is a 47-amino 
acid sequence presumed to represent the cytoplasmic domain 
of the 13 subunit.  As in the chicken integrin band 3 subunit 
(Tamkun et al.,  1986) and the IIb/IIIa 13 subunit (Fitzgerald 
et al.,  1987), the cytoplasmic domain of the human fibronec- 
tin receptor 13 subunit contains a sequence having homology 
to a tyrosine phosphorylation site in the epidermal growth 
factor receptor. However, the putative tyrosine phosphoryla- 
tion site is not invariant among all the adhesion receptor 13 
subunits since one is not found in the LFA-1 13 subunit cyto- 
plasmic domain (Kishimoto et ai.,  1987; Law et al.,  1987). 
The fibronectin receptor-13 subunit has a high cysteine con- 
tent (7.3%), having a total of 58 cysteine residues. With the 
exception of two cysteines in the signal peptide, all are lo- 
cated  in  the  extracellular  domain.  Many  of the  cysteines 
(51%) are  arranged  in a  sequence homologously repeated 
four times within a 180-amino acid segment located adjacent 
to the transmembrane domain. When these homologous se- 
quences are aligned, as shown in Fig. 6, it is clear that each 
contains  nearly  the same number and  spacing  of cysteine 
residues. The function of this cysteine-rich repeat is unknown. 
The deduced sequence of the human fibronectin receptor 13 
E  Y  S  G  D  D  T  E  D  (239-247) 
D  V  N  G  D  G  L  D  D  (293-301) 
D  R  T  P  D  G  R  P  Q  (311-319) 
D  L  D  Q  D  G  u  N  D  (360-368) 
D  L  D  G  N  G  Y  P  D  (424-432) 
D  -  D  D  G  -  D  Thrombospondin  consensus 
D  Q  N  R  D  G  I  I  D  Myosin  light  chain 
D  D  G  I  D  Troponln  C  consensus  D  -  N 
D  -  D  G  N  D  G  I  -  Calmodulln  consensus 
D  -  D  -  G  I  -  ParVelhu~In  consensus 
Figure 4.  Homology  comparison  of divalent cation-binding  se- 
quences. Five sequences from the fibronectin receptor r  subunit are 
compared with calcium-binding consensus sequences from known 
calcium-binding proteins. Positions 1, 3, 5, 6, and 9 are generally 
conserved among all the repeats. 
subunit was compared to the sequences of three other related 
adhesion  receptor  13  subunits.  The  fibronectin  receptor  13 
subunit showed an 85 % amino acid identity with the band 3 
subunit of the chieken-integrin (Tamkun et al.,  1986), 46% 
with the human LFA-1 13 subunit (Kishimoto et al.,  1987), 
and 44 % with the human gp ~Ia 0~itzgerald et al., 1987). All 
of these 13 subunits share common structural  dements  in- 
cluding the homologous cysteine-rich repeats and similarly 
sized cytoplasmic and transmembrane  domains.  Also con- 
served among the 13 subunits are the number and nearly iden- 
tical positions of the cysteine residues.  The homology be- 
tween the  fibronectin receptor  13 subunit  and  the integrin 
band 3  subunit is particularly  striking  in the carboxy-ter- 
rninal portions of the two subunits in which there is  100% 
identity in the amino acid sequences of the transmembrane 
and cytoplasmic domains. 
Discussion 
We report here the complete sequence of a prototypic mem- 
ber of the adhesion receptor family, the human fibronectin 
receptor.  The fibronectin receptor is defined as a heterodi- 
meric glycoprotein isolated by affinity chromatography  on 
fibronectin Sepharose. The purified glycoprotein can be in- 
corporated into liposomes, and the resulting liposomes can 
be shown to bind specifically to fibronectin-coated substrata 
(Pytela et al., 1985a). As defined by the reactivities of fusion 
proteins synthesized from the eDNA clones with antibodies 
made against the purified receptor,  our eDNA clones cor- 
respond to the subunits of the fibronectin receptor and pro- 
vide the entire sequence of the receptor protein. 
Individual subunits of other adhesion receptors have been 
cloned and completely or partially sequenced recently. Com- 
parison of our sequences with these other sequences reveals 
several interesting relationships within the adhesion receptor 
superfamily. Each of the other receptor subunits, the vitro- 
nectin receptor Qt subunit (Suzuki et al.,  1986,  1987), the 13 
subunit of the leukocyte receptor family (Kishimoto et al., 
1987) and the platelet receptor 13 subunit, gp IIIa (Fitzgerald 
et al.,  1987), is 40-50%  homologous to the fibronectin re- 
Argraves et al. Fibronectin Receptor Sequence  1187 GTC~CCAAAACCTGCGC~ATAG~G~CAGCA~CCGG~GC~A~G~CGTACCAAAC~GCCT~CGTCCG~G~CCCGGACGCCGCGCGGAAAAGATG~TTTACAACC~T  120 
MNLQPI6 
hP20~ 
FWIGLISSV@~VFA$QTDENR@LKANAKS~GE@IQAGPN@G46 
X181~ 
GTGGTGCACA~TTC~ATT~TACAGG~GG~TGC~A~TTCTG~A~GATGTGATGAT~AG~GC~TTA~G~GGGTTGC~CAGATGACATAGA~TC~GAGG~TC 360 
W~TNSTFLQEGMPTSAR~DDLEALKKKG~PPDDIENPRGS86 
~AAAGATATAAAGAAAAATAAAATGT~GTAGcAAA~GcAGAG~G~C~AG~AGA~ATATT~ATcAGAT~CAAcCA~GcAGTTGG~TTGCGA~GATcA~ 480 
KDIKKNKNVTNRSKGTAEKLKPEDIHQIQPQQLVLRLRSGI26 
GGAGC~AcAGACATTTA~TTAAAATTc~GAGAG~TG~GA~TATc~ATTGA~cT~TAcTAccTTATGGAC~GTCTTATTC~TGAAAGAcGATTTGGAG~TGTAAAAAGT~TTGG  600 
EPQTFTLKFKRAEDYPIDLYYLMDLSYSMKDDLENVKSLGI66 
~cAGATCTGATG~TGAAA~AGGAGGATTACTTCGGACTTCAG~GGAT~GGCT~T~GTGGAAAAGAC~TGATGCC~AcA~AGCACAA~A~GcT~GCTcAGG~C~  720 
TDLMNEMRRITSDFRIGFGSFVEKTVMPYISTTPAKLRNP206 
TTGCAC~G~G~GCACCACCC~TTTAG~A~AAAAATG~CAGT~TA~TAAA~AG~GTA~T~TG~C~G~AAAACAGCGCATATCT~AAATTTGGA  840 
￿9 
~CCAG~GG~GTTTCGA~CCAT~TGCAAG~G~GTTTGT~A~A~GATTGGCTGGAGG~ACACGGC~CTGGTGTTTTCCA~CCGGGTTT~CTT~GG  960 
SPEGGFDAIMQVAV~GSLIGWR~VTRLLVFSTDAGFHFAG286 
AGATGGGAAACTTGGTGG~TTGTTTTACCAAATGATGGAC~TGTCAC~GGAAAAT~TATGTACACAA~AGCCATTATTATGA~ATCC~ATTG~CACCTTGTCCAGAAACT  1080 
DGKLGGIVLPNDGQ@HLENNMYTMSHYYDYPSIAHLVQKL326 
GAGTGAAAAT~TA~CAGAC~TTTTTGCAGTTACTG~G~AG~CTGTTTAC~GGAGCTGAAAAACTTGATCC~GTCAGCAGTAGG~CA~ATCTGCAAATTCTAGC~  1200 
SENNIQTIFAVTEEFQPVYKELKNLIPKSAVGTLSANSSN366 
TGT~TTCAGTTGATCATTGATGCATAC~TTCCCT~CCTCAG~GTCATTTTGGAAAA~GG~AAA~GT~G~GGAGT~C~T~GTTACAAATCTTAcTGC~G~CGGGGTG~  1320 
VIQLIIDAYNSLSSEVILENGKLSEGVTISYKSY@KNGVN406 
T~AGGGGAAAATGG~GAAAATGTTC~TATTTCCATTGGAGATGAGGTTC~TTTGAAATTAG~AT~CTTCAAAT~GTGTCCAAAAAAGGATT~TGAcAGCTTTAAAATTAG  1440 
GTGENGRK~SNISIGDEVQFEISITSNK~PKKDSDSFKIR446 
G~c~GGG~rr~GG~G~G~c~G~G~G~r~G~G~G~c~Gr~c~Gr~GG~r~G~G~G~  1~8o 
PLGFTEEVEVILQYI~E~E~QSEGIPESPK@HEG~GTFE~486 
TGGCCs~G~CAG~CAA~G~CGTGTTGGTAGA~TT~T~TGCA~CAGA~G~CAGTG~GA~GAT~ACTGCAGGAAAGAAAA~G~CA~AAAT~G~G  1680 
GA~R~NEGRVGRH~E~STDEVNSEDMDAY~  P20~  ~  ~  ~  RKENSSEI￿9 ~  $526 
T~CAATGGAGAG~CGT~GCGGA~GTGTTTGTA~GAGGGAT~TAcAAATGAAA~TA~CTGGCAAATT~GCGA~TGTGAT~T~CAA~G~ATAGATCC~TGG  CTT  1800 
NNGE~V~GQ~V~RKRDNTNEIYSGKF~E~DNFN@DRSNGL566 
~TTTG~GAG~AAATGG~TTTGC~G~TCGTGT~TGAG~C~CCCC~ACACTGG~G~CATGTGACTGTTcT~GATACTAGTAC~GTG~GC~GC~GACA~AT 1920 
I~GGNGV~K~RV~E~NP~YTGSA~D~SLDTST~EASNGQ~606 
CTGC~TGGCCG~G~CATCT~CGAGTGTGGTGT~GT~GTGTACAGATCC~TTTCAAGGGCAAACGT~TGAGA~T~T~GACCTGCCTTGG~TCT~T~CTGAGCATAAA~TG  2040 
~NGRGI~E~GV~K~TDPKFQGQT~EM~QT~LGV~AEHKE~646 
TGTTCAGTGCAGAGCCTTC~TAAAGGAGAAAAGAAAGACA~TGcACACAGG~TGTTCCTATTTT~CATTACC~GGTAGAAAGTCGGGACAAATTACCCCAGCCGGTCC~CCTGA  2160 
VQ~RAFNKGEKKDT~TQE~SYFNITKVESRDKLPQPVQPD686 
T~CTGTGTCCCATTGT~GGAG~GGATGTTGACGACTGTTGGTTCTATTTTACGTATTCAGTG~TGGG~C~CGAGGTCATGGTTCATGTTGTGGAG~TCCAGAGTGTCCcA~TGG  2280 
PVSH@KEKDVDD￿9169 
TCCAGACATCAT~C~TTGTAGCTGGTGTGGTTGCT~TTGTTCTTATTGGCCTTGCATTACTGCTGATATGG~GCTTTT~TGAT~TTCATGACAG~GGGAGTTTGCTAAATT  2400 
P  D,I  I  P  I  V  A  G  V  V  A,,,,,G,,,,,,,I,,,,V  L  I  G  L  A  L  L  L  I  W  K  L  L  M  I  I  H  D  R  R  E  F  A  K  F  766 
`~AAAGGAGAAAATG~CCAAATGGGACACGGGTGAAAATCCTATTTAT~GAGTGCcGT~C~CTGTGGTC~TCCG~GTA~AGGGAAAATGAGTACTGCCCGTGCAAATCCC  2520 
EKEKMNAKWDTGENPIYKSAVTTVVNPKYEGK  798 
AC~CACTG~TGCAAAGTAGC~TTT~TAGT~CAGTTAGGTAGCT~AG~CAATA~GCCATGGTTTTA~CA~TG~GG~TTGAAAATGTAC~TATGTAT~TTTTTAAAA  2640 
TGTTTTATTATTTTGA~T~T~T~CATGCCAGGGA~GACAAAAGACTTGAGACAGGA~G~ATTCT~TCAGCT~GGT~ACAT~TGCCTTTTTGACCT~T~TC~TG  2760 
GACTA~GAAATC~GCTTA~GGATT~GTGATATTT~ATAGCGATTGAAAGGGC~TAG~AAAGT~TGAGCATGATGAGAGTTTCTG~TCATGTATTAAAAC~ATTT~AG  2880 
~TTACATATGTCAGTTTGCAG~ATGCAG~TCCAAAGTAAATGTcCTGCTAGCTAGTT~GGA~GTTTTAAAT~GTTATTTTGCTATTTGCCTGTTAGACATGACTGATGACATAT  3000 
~GAAAGAC~GTATGTTGAGAG~GCTGG~TAAAATA~GTT~AAATAGTTGAT~TA~AAAGGC~ATGGGAAAAATT~AGAGAGTTAGG~GGAAAACC~TAGCTTTAAAA~CTGT  3120 
G~CCATTTT~GAGTTACTT~TGTTTGGT~CTTTTATGCCTTCAcTTTA~AAA~GCCTTAGATA~G~CcGAGC~TTTT~TG~TA~GT~CTTGATTTAGCACTATTT  3240 
ACATACAGGCCATACTTTACAAAGTATTTGCTG~TGGGGACCTTTTGAGTTG~TTTATT~ATTATTTTTATTTTGTTT~TGTCTGGTGCTTT~TATCACCTCTTCT~TCTTTT~  3360 
TGTATTTGTTTGc~TT~GGGGT~GACTTTTTTATGAGTACTTTTTCTTTG~GTTTTAGCGGTC~TTTGCCTTTTT~TG~CATGTG~GTTATACTGTGG~TATG~CAGCTC  3480 
TCACCTACGCGAGTCTTAC~TGAGTTAGTGCCAT~CAGACCACTGTATGTTTA~TTCTCACCATTTGAGTTGCCCATcTTGTTTCA~ACTAGTCACATTCTTGTTTT~GTGC~TTTA  3600 
GTTTT~CAGTTC~  3614 
hP32~ 
~gu~ i The cDNA sequence and d~uc~ complete a~no acid s~uence of ~e human fibronectin re~ptor ~ subunit. The pumdve signal 
~ptide cleavage si~ is indicat~ ~  an arrow ~inti~ upwaN.  Cysteine ~sidues are ci~l~.  ~mial  ~link~  glyco~lation si~s a~ 
designa~d ~  do~. The putative tmnsmembrane domain is underlin~. Right angle arrows deno~ positions of independent ~gtll cDNA 
clones. 
ceptor a or 13 subunits, respectively. These receptor subunits 
are, therefore, likely to be the products of homologous but 
distinct  genes  derived  from  common  ancestral  ct  and  fl 
subunit genes. In contrast, the band 3 subunit of the chicken- 
integrin  RGD-directed  receptor  complex  (Tamkun et  al., 
1986) is 85 % homologous with our 13 subunit. This high ho- 
mology strongly suggests that this polypeptide is the chicken 
homologue of the human fibronectin receptor 13 subunit. 
The chicken receptor is a complex of three subunits, each 
presumably  a  distinct  polypeptide  (Horwitz  et  al.,  1985; 
Buck et al.,  1986). This would make the receptor different 
in its subunit composition from the mammalian receptors, 
which are all heterodimers. Since these proteins appear to be 
related to the mammalian  receptors,  and since our results 
define the integrin subunit as the chicken homologue of the 
human fibronectin receptor 13 subunit, it is possible that one 
form of the adhesion receptors is a heterotrimer.  However, 
it is known that the same 1~ subunit can be shared by several 
heterodimeric  receptors distinguished by their a  subunits. 
The human fibronectin receptor family encompasses at least 
five members defined immunologically as the so-called VLA 
proteins 1-5 (Hemler et al., 1987). An immunological com- 
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Figure 6.  Alignment of cys- 
teine-rich  repeat  sequences 
from the fibronectin receptor 
I~  subunit.  Identical  amino 
acid residues are boxed. Aster- 
isks indicate spaces inserted to 
optimize homology. 
parison has indicated that the fibronectin receptor is VLA-5 
(Takada et al.,  1987b) and this result is confirmed by the 
identity of the amino-terminal amino acid sequence of VLA- 
5c~  (Takada et al.,  1987a) with  the  amino  acid  sequence 
deduced from our a  subunit cDNA clones. By analogy with 
the human proteins, the chicken complex could be a mixture 
of receptors related through a shared 13 subunit. This would 
agree with the finding that the chicken receptor complex has 
multiple specificities; it binds at least to fibronectin, laminin, 
and type IV collagen (Horwitz et al., 1985).  However, as is 
most convincingly illustrated by the platelet RGD-directed 
receptor, it is possible that a single receptor protein can bind 
to more than one protein (Plow et al., 1984; Parise and Phil- 
lips, 1986; Pytela et al., 1986). It is, therefore, important that 
the receptors be defined as molecular entities. Our results 
provide such a definition for the human fibronectin receptor. 
The sequences presented in this paper add new features to 
the known structure-function relationships of the adhesion 
receptors, also referred to as integrins (Hynes, 1987).'  The 
calcium-binding sequences in the fibronectin receptor read- 
ily  explain  the  divalent cation  requirement for the  RGD 
receptors to  function.  The  functional  impairment  of the 
receptors in the absence of divalent cations appears to be at 
two levels. First, in the case of gp IIb/IIIa, the association 
of the subunits is dependent on the presence of calcium (Jen- 
nings and Phillips,  1982), although the other receptors may 
not require calcium for their subunits to remain together. 
Secondly, all of the receptors, including the leukocyte recep- 
tors (Springer et al.,  1984) require divalent cations to func- 
tion, and, in the case of the RGD-directed receptors, this is 
known to result in the inability of the receptor to bind its 
ligand in the absence of divalent cations (Pytela et al., 1987). 
This suggests that the calcium-binding sites of the a  subunit 
may form part of the ligand-binding site or that the occupa- 
tion of these sites affects the conformation of the ligand-bind- 
ing site. That the conformation of the receptor may be depen- 
dent upon calcium is suggested by the apparent sensitivity of 
the receptors to proteolytic digestion in the absence of diva- 
~Since the fibronectin receptor binds the prototypic adhesion protein fibro- 
nectin and ~as the first RGD receptor to be identified, we propose that in 
the integrin nomenclature it would be called integrin 1. 
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Figure 7. Structural model for the fibronectin receptor. 
lent cations (Oppenheimer-Marks and GrinneU, 1984). The 
location of the ligand-binding site in the RGD-directed re- 
ceptors is not known, but both the a  and 13 subunits appear 
to participate in the binding (Buck et al.,  1987; Santoro and 
Lawing,  1987). However, since 13 subunits can be shared by 
receptors that have different specificities (Ginsberg et al., 
1987), at least the specificity of binding must be contributed 
by the a  subunit. It is interesting to note that, within the re- 
gion containing the calcium-binding elements, the fibronec- 
tin receptor a  subunit contains an Asp-Gly-Arg (DGR) se- 
quence. A peptide containing this sequence has been found 
to be a relatively nonspecific inhibitor of cell attachment to 
various  RGD-containing  proteins  (Yamada  and  Kennedy, 
1987). As additional adhesion receptors are characterized it 
will be possible to determine sequences serving functions 
common to all members of the family and those involved 
with  unique  functions  such  as  ligand  binding  and  signal 
transduction. 
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